Abstract This study focuses on the potential of hydrogenrich syngas production by CO 2 reforming of methane over Co/Pr 2 O 3 catalyst. The Co/Pr 2 O 3 catalyst was synthesized via wet-impregnation method and characterized for physicochemical properties by TGA, XRD, BET, H 2 -TPR, FESEM, EDX, and FTIR. The CO 2 reforming of methane over the as-synthesized catalyst was studied in a tubular stainless steel fixed-bed reactor at feed ratio ranged 0.1-1.0, temperature ranged 923-1023 K, and gas hourly space velocity (GHSV) of 30,000 h -1 under atmospheric pressure condition. The catalyst activity studies showed that the increase in the reaction temperature from 923 to 1023 K and feed ratio from 0.1 to 1.0 resulted in a corresponding increase in the reactant's conversion and the product's yields. At 1023 K and feed ratio of 1.0, the activity of the Co/Pr 2 O 3 catalyst climaxed with CH 4 and CO 2 conversions of 41.49 and 42.36 %. Moreover, the catalyst activity at 1023 K and feed ratio of 1.0 resulted in the production of H 2 and CO yields of 40.7 and 40.90 %, respectively. The syngas produced was estimated to have H 2 :CO ratio of 0.995, making it suitable as chemical building blocks for the production of oxygenated fuel and other value-added chemicals. The used Co/Pr 2 O 3 catalyst which was characterized by TPO, XRD, and SEM-EDX show some evidence of carbon formation and deposition on its surface.
Introduction
There has been growing interest in the production of hydrogen and syngas over the last few decades. This is primarily due to the wide applications of hydrogen and syngas as chemicals and start-up materials for several industrial processes (Chaubey et al. 2013; Gahleitner 2013) . Hydrogen is mostly employed as chemical building blocks for industrial processes such as petroleum refining, methanol and ammonia productions (Hafizi et al. 2016) . Besides, hydrogen has been used in fuel cells by NASA for the generation of electricity, heat, and potable water for astronauts during space program (Sharaf and Orhan 2014) . Moreover, hydrogen in its pure state is an environmentally friendly energy carrier compared to fossil fuels (Cipriani et al. 2014) . Syngas, a co-product of hydrogen from reforming process is a mixture of H 2 and CO that can be used as chemical building blocks for the production of oxygenated fuels, methanol, and other value-added chemicals through Fischer-Tropsch synthesis (FTS) and Exxon Mobil methanol-to-liquid process (Baliban et al. 2012) .
Hydrogen and syngas have been mainly produced commercially by steam reforming of natural gas due to the cost effectiveness of the process (Wilhelm et al. 2001 ). However, this process is being constraint by catalyst deactivation from cooking and sintering (Sehested 2006) . Moreover, CO 2 gas produced as one of the by-products of the steam reforming process is a major contributor to greenhouse effect (Silva et al. 2015 ). An alternative and environmentally friendly option for hydrogen and syngas production is methane dry reforming. Methane dry reforming (CH 4 ? CO 2 ? 2CO ? 2H 2 ) is an endothermic reaction which consumes CH 4 and CO 2 , the main contributors to greenhouse effect for the production of hydrogen and syngas thereby mitigating the effects of the greenhouse gases on the environment (Ayodele and Cheng 2015; Ayodele et al. 2015a ). The methane dry reforming process is yet to be fully developed into commercial-scale production due to uncertainties in terms of a suitable catalyst. Several metal-based catalysts such as Pt, Pd, Rh, Co, and Ni dispersed on Al 2 O 3 , CeO 2 , La 2 O 3 , ZnO 2 , and MgO have been investigated (Abasaeed et al. 2015; Ayodele et al. 2015b Ayodele et al. , 2016b Ferencz et al. 2014; Itkulova et al. 2005) . The findings from our previous studies showed that Co supported on rare earth oxides such as CeO 2 and La 2 O 3 exhibited high catalytic activities and stability (Ayodele et al. 2015b (Ayodele et al. , 2016b . In the present study, the potential of hydrogen-rich syngas production from praseodymium oxide (Pr 2 O 3 ) that supported Cobalt (Co) catalyst is exploited. To the best of the author's knowledge Co/Pr 2 O 3 catalyst has not been investigated for hydrogen-rich syngas production from CO 2 reforming of methane.
Experimental Support and catalyst preparation
The Pr 2 O 3 support was prepared by thermal decomposition of Pr(NO 3 ) 3 Á6H 2 O (99.99 % purity, Sigma-Aldrich) at 873 K for 2 h according to the method described in our previous work (Ayodele et al. 2016a ). An aqueous solution of Co(NO 3 ) 2 Á6H 2 O (99.99 % purity, Sigma-Aldrich) equivalent to 20 wt% Co loading was prepared and subsequently impregnated into the as-prepared Pr 2 O 3 support. The catalyst mixture was continuously stirred for 3 h to allow for aging of the Co precursor and thereafter dried at 393 K for 24 h and calcined at 873 K for 6 h to give an unreduced Co/Pr 2 O 3 catalyst.
Catalyst characterization
The freshly prepared calcined Co/Pr 2 O 3 catalyst was characterized for their physicochemical properties. The thermal responses of the uncalcined catalyst were determined by thermogravimetric analysis (TGA) (Thermal analyser instrument Q-500 series) under N 2 flow at a heating rate of 10 K min -1 and atmospheric pressure. The nature of the chemical bonds in the calcined Co/Pr 2 O 3 catalyst was determined by FTIR (Perkin Elmer Spectrum 100). The spectra were collected at a resolution of 8 cm -1 using attenuated total reflectance (ATR) within the range of 4000-400 cm -1 and analyzed using Omnic software. The textural properties of the calcined Co/Pr 2 O 3 catalyst were determined using N 2 -sorptiometry. Prior to the measurements, the as-prepared catalyst sample was degassed at 523 K. The adsorption and desorption isotherm were obtained by measuring the amount of gas adsorbed and removed across relative pressure range 0.1-1.0 and reduced pressure using liquid N 2 at 77 K. The specific surface area and the pore volume of the catalyst sample were obtained from the adsorption-desorption isotherm using BrunauerEmmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods (Barrett et al. 1951; Brunauer et al. 1938) . The reducibility of the catalyst was measured by H 2 -temperature-programmed reduction (H 2 -TPR) using Thermo-Scientific TPDRO 1100 apparatus equipped with TCD detector. Approximately 60 mg of the catalyst sample was initially pre-treated in a flow of 20 ml min -1 N 2 at heating rate of 10 K min -1 up to 393 K at holding period of 30 min. Subsequently, the pre-treated catalyst sample was reduced with 20 ml min -1 of 5 % H 2 in N 2 carrier gas at a heating rate of 10 K min -1 up to 1173 K with a holding period of 60 min before cooling to room temperature. The phase identification and the crystallinity of the catalyst were measured by X-ray powder diffraction analysis. The recording of the XRD diffractograms was done using a RIGAKU miniflex II X-ray diffractometer capable of measuring powdered diffraction pattern from 3 to 145°in 2h scanning range. The X-ray source is Cu Ka with wavelength (k) of 0.154 nm radiation. The XRD is equipped with the latest version of PDXL, RIGAKU full function powder diffraction analysis software. The crystallite size of the catalyst particle was obtained from the sharpest peak of the XRD pattern using Scherrer Equation (Burton et al. 2009 ) shown below.
where b and h are the line broadening at half of the maximum intensity and the Bragg angle, respectively. The surface morphology and the bulk elemental compositions of the catalyst sample were determined using JEOL field emission scanning electron microscopy (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDX).
Catalytic activity test for hydrogen-rich syngas production
The catalytic activity of the Co/Pr 2 O 3 catalyst was evaluated in a continuous, top-down flow tubular stainless steel reactor of a fixed-bed configuration (internal diameter: 10 mm and height: 35 cm) depicted in Fig. 1 . The methane dry reforming was performed using catalyst weighing 200 mg supported on quartz wool. The reactor system was equipped with a Type-K thermocouple and PID temperature controller. The activity test was performed at 923-1023 K, with CH 4 :CO 2 feed ratios between 0.1 and 1, at atmospheric pressure and the total flow of 100 ml min -1 . The flow rate of the inlet gases (CH 4 , CO 2 , and N 2 ) was controlled by digital mass flow controllers at a gas hourly space velocity (GHSV) of 30,000 h -1 STP. Prior to the reaction, the catalyst was reduced in situ in a flow of 50 ml min -1 H 2 /N 2 (1:5) at 973 K for 1 h at 10 K min -1 . The reaction was performed at time-on-stream (TOS) of 4 h in order to ensure steady-state conditions. The composition of exit gas was determined using gas chromatography instrument (GC-Agilent 6890 N series) equipped with TCD. Two packed columns were used, viz. Supelco Molecular Sieve 139 (10 ft 9 1/8 in OD 9 2 mm ID, 60/ 80 mesh, Stainless Steel) and Agilent Hayesep DB (30 ft 9 1/8 in OD 9 2 mm ID, 100/120 mesh, Stainless Steel). Helium gas was used as the carrier with flowrate of 20 ml min -1 and operating column temperature of 393 K. The reported CH 4 and CO 2 conversions, as well as H 2 and CO yield represents an average of four analysis of the gaseous products at 1 h interval for 4 h TOS. The reaction metrics for the evaluation of the catalytic performance are represented in Eqs. (2)
where F CO 2in ; F CH 4in ; F CO 2out ; F CH 4out are the inlet and outlet molar flow rate of CO 2 and CH 4 , respectively, and F H 2out is the outlet molar flow rate of H 2 .
Results and discussion
Catalyst characterization
The thermogravimetric (TG) and differential thermogravimetric (DTG) curves obtained from temperature-programmed calcination of the freshly prepared Co/Pr 2 O 3 (dried only, non-calcined) catalyst at a heating rate of 10 K min -1 are depicted in Fig. 2 . The thermal activities of the Co/Pr 2 O 3 catalyst under pure N 2 atmosphere can be grouped into stages 1 and 2 as shown in Fig. 2 . In stage 1, (Balboul 2010; Garavaglia et al. 1984) . Stage 1
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The XRD diffractograms of the Co/Pr 2 O 3 catalyst calcined at 873 K is depicted in Fig. 3 (Han et al. 2012) . The peaks at 2h = 26.45 (210), 56.20 (420), 72.27 (600) can be attributed to the cubic structure of PrCoO 3 phase (Alifanti et al. 2009 ). Interestingly, the reduction of Co/Pr 2 O 3 catalyst in a flow of H 2 depicted by the H 2 -TPR profile (cf. Fig. 5 The N 2 adsorption-desorption isotherm employed for measuring the BET specific surface area and the pore volume of the Pr 2 O 3 and the calcined Co/Pr 2 O 3 catalyst are depicted in Fig. 4 . The isotherms display type-IV of the IUPAC classification signifying the multilayer adsorption of the N 2 occurs in the mesopores of the samples with capillary condensation (Donohue and Aranovich 1998) . The desorption isotherm closed at relative pressure (P/P o ) [ 0.5 implies that the hysteresis loop is of type H3 (Hussein et al. 2001 Fig. 5 . Interestingly the TPR curves of the Co-impregnated catalyst displayed major reduction peaks cantered at 661, 690, and 846 K. These peaks denoted by I-III are an indication of the different degree of Co-Pr 2 O 3 interaction. Based on the XRD pattern (cf. Fig. 5 ) of the Co/Pr 2 O 3 catalyst, three Co-containing phases namely CoO, Co 3 O 4 , and PrCoO 3 have been identified for H 2 -reduction. The low-temperature reduction peak I at 661 K could be attributed to the H 2 - Fig. 7 a EDX (11) and (12). The temperature reduction at 846 K could be attributed to the H 2 -reduction of perovskite PrCoO 3 (cf. Eq. (13)) which has been formed (refers to XRD pattern in Fig. 3 ) as a result of interaction between the Co and the Pr 2 O 3 support.
The H 2 -uptake for the reduction of the Co phases shown in Eq. (11)- (13) Fig. 6a ). The mesoporous nature of the catalyst based on the BJH measurement is evident from the FESEM image depicted in Fig. 6b . Interestingly, all the elemental make-up (Co, Pr, and O) of the as-synthesized Co/Pr 2 O 3 catalyst were fully captured in the EDX micrograph. The elemental composition of 18.45 wt% and 81.65 wt% obtained for Co and Pr 2 O 3 , respectively is consistent with the stipulated amount of 20 wt% Co/80 wt% Pr 2 O 3 . Moreover, the Co impregnated into the Pr 2 O 3 is well distributed as shown by the EDX dot mapping of the as-synthesized Co/Pr 2 O 3 catalyst in Fig. 7b which is consistent with the reducibility behavior indicated by the H 2 -TPR analysis of the catalyst (cf. Figure 5) .
The FTIR spectra of the fresh calcined Co/Pr 2 O 3 catalyst are depicted in Fig. 8 . Five major peaks could be identified at 601, 863, 1359, 1481, and 2784 cm -1 from the spectra of the Co/Pr 2 O 3 sample. The absorption peaks at 601 and 863 cm -1 can be attributed to metal-oxide vibration stretching (Co-O and Pr-O) bond from Co 3 O 4 and Pr 2 O 3 (Shrestha et al. 2007; Tang et al. 2008) . The absorption peaks between 1359 and 1481 cm -1 could be assigned to the stretching vibration bond of C=O which signifies the adsorbed atmospheric CO 2 . The band at the absorption peak of 2784 cm -1 can be attributed to the strong vibration O-H bond from adsorbed moisture (Ayodele et al. 2015b).
Co/Pr 2 O 3 catalytic activity in CO 2 reforming of reforming
The effects of feed ratio and temperature on the catalytic activity of Co/Pr 2 O 3 catalyst in terms of reactant (CH 4 and CO 2 ) conversions and the product (H 2 and CO) yields are depicted in Fig. 9 . Significantly, the CH 4 and CO 2 conversion increases with temperature and feed ratio. The increase in the CH 4 and CO 2 conversion with temperature is an indication that the CO 2 reforming of methane exhibits NR not reported Greenhouse gases mitigation by CO 2 reforming of methane to hydrogen-rich syngas using… 803 slight increment could be attributed to the effect of side reaction such as reverse Boudouard (C(s) ? CO 2 $ 2CO) on the CO 2 reforming of methane (Haag et al. 2007 ). Furthermore, both the H 2 and CO yields increase with temperature and feed ratio. The highest values of 40.7 and 40.90 % were obtained for H 2 and CO yields at reaction temperature of 1023 K and feed ratio of 1.0. Similarly, at reaction temperature of 1023 K and feed ratio of 1.0, the H 2 :CO ratio of the syngas was estimated to be 0.995, which is suitable as chemical intermediates for the synthesis of oxygenated fuels (Xiong et al. 2014) . The comparison of the catalytic performance of the Co/ Pr 2 O 3 catalyst with literature is summarized in Table 1 . Interestingly, the performance of the Co/Pr 2 O 3 catalyst is higher compared to Co/TiO 2 and Co/CaO. However, the reactant's conversions and the product's yields obtained in this study were lower compared to that of Al 2 O 3 , CeO 2 , and ZrO 2 supported Co-catalysts. These differences in the catalytic performance could be attributed to the difference in the physicochemical properties such as the BET specific surface area and reducibility of the respective catalyst. Moreover, the role of support in the activation of the CO 2 during reforming process could also contribute to the differences exhibited by the reported catalytic activities.
Characterization of used catalyst
The deposition of carbon on the catalyst surface and the bulk during CO 2 reforming of methane are often tied to conditions such as the high reaction temperature, feed ratio Greenhouse gases mitigation by CO 2 reforming of methane to hydrogen-rich syngas using… 805 (CH 4 :CO 2 ), and the nature of the catalyst (Muraza and Galadima 2015) . The used Co/Pr 2 O 3 catalyst with the highest yield and conversion at 1023 K and feed ratio of 1.0 was selected for carbon deposition analysis. The selected sample was characterized by temperature-programmed oxidation (TPO), XRD, SEM-EDX. The TPO analysis depicted in Fig. 10 shows evidence of carbon deposition represented by the peaks I-IV at temperature range of 300-500 K. Carbon formation at temperature range of 773-1273 K in CO 2 reforming of methane usually resulted from methane decomposition and Boudouard reaction represented in Eqs. (14) and (15) (Tsoukalou et al. 2016) .
Moreover, the XRD pattern of the used catalyst depicted in Fig. 11 further revealed the formation and deposition of carbon on the Co/Pr 2 O 3 catalyst. Interestingly, the formation of Pr 2 O 2 CO 3 phase (ICDD card no 00-037-0805) and Co phase (ICDD card no 00-001-1254) can be observed. This is an indication of the strong adsorption of CO 2 on the Pr 2 O 3 support and the reduced state of the catalyst. The EDX micrograph and dot mapping shown in Fig. 12 also corroborates carbon deposition on the catalyst.
Conclusions
For CO 2 reforming of methane to hydrogen-rich syngas, Co-impregnated Pr 2 O 3 catalyst was synthesized via wetimpregnation method. The physicochemical properties of the as-synthesized catalyst were characterized by TGA, XRD, BET, H 2 -TPR, FESEM, EDX, and FTIR. The XRD pattern showed that the as-synthesized calcined Co/Pr 2 O 3 contains Co 3 O 4 , CoO, Pr 2 O 3 crystal phases. The Co-Pr 2 O 3 interaction leads to the formation of perovskite PrCoO 3 crystal phase. Fortunately, the H 2 -TPR results showed a complete reduction of all the Co-containing phases to Co°c rystallite. The CO 2 reforming of methane performed at reaction temperature ranged 923-1023 K and feed ratio of 0.1-1.0 resulted to highest CH 4 and CO 2 conversions of 41.49 and 42.36 %, respectively. At 1023 K and feed ratio of 1.0, H 2 and CO yields of 40.7 and 40.90 % were obtained resulting in syngas ratio of 0.995 which is desirable in the FTS process for the production of synthetic fuel and other value-added products. In comparison with catalysts such as Co/TiO 2 and Co/CaO, the Co/Pr 2 O 3 catalyst used in this study had shown a better performance for mitigation of greenhouse gases and hydrogen-rich syngas production by CO 2 reforming of methane. This is primarily due to the high oxygen storage-release capacity of the Pr 2 O 3 support and the well-distributed Co metals on the surface of the Pr 2 O 3 support. However, the lower performance in comparison with Co/Al 2 O 3 and Co/CeO 2 catalysts could be as a result of the lower surface area and the effect of carbon deposition. The characterization of the used Co/Pr 2 O 3 catalyst showed evidence of carbon deposition which did not show much effect on the chemical composition of the catalyst as represented by the SEM-EDX paper. The overall performance of the Co/Pr 2 O 3 catalyst in comparison with those reported in literature shows that the catalyst is a promising candidate for the production of H 2 -rich syngas and reduction of greenhouse gases by CO 2 reforming of methane.
